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ABSTRACT
Unclassifiedl

The use of sun-glitter photography to detect monomo-
lecular layers of organic material on water surfaces through
their damping effect on short water waves is discussed.
Since the method is nondiscriminating, damping caused by
either aerodynamic or hydrodynamic effects is also detected.
Two photographically relevant parameters are the slope and
the radius of curvature of the water surface. Where the
predominant slope components are associated with wave-
lengths short enoughto be effectively damped, arcas of com-
pacted surface films can be detected with a iearly infinite
signal-to-noise ratio. Where mRjo" slope components are
associated with longer waves not susceptible to damping,
the signal-to-noise ratio deteriorttos. Under adverse ocean
conditions, changes of the average radius of curvature can
sometimes be used to indicate areas of damping wiuch are
otherwise not readily detected.

PROBLEM STATi';::

This is an interim report; work on tV:•s probhlm is
continuing.

AUTHORIZATION

NRL Problem C02-18C
Project RUDC 4B-001,65N/SO31-01-00-231-3

Manur-,-r ipt ubmiitted November 1H, 1463.
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STUDIES OF THE OCEAN'S SURFACE

PART 3 - THE DETECTION OF SURFACE FILMS AND HYDRODYNAMIC
SMOOTHING BY SUN-GLITTER PHOTOGRAPHY

Unclassified Title

INTRODUCTION

In various oceanographic problems, a knowledge of the distribution and physical char-
acteristics of surface slicks caused by monomolecular (or thicker) films of organic mate-
rial floating on the sea surface is of interest. While such films can be detected by meas-
uring (a) the surface tension of the water, (b) the electrode potential of the surface, or (c)
by chemical assay, such measurements are difficult to conduct in the field and must be
made on a point-to-point basis. The slowness of this type of sampling precludes rapid
time-sequential mapping of changes in the size and distribution of slicks, and it has been
necessary to develop a more rapid survey technique for use in connection with studies
related to detection of surface effects caused by submerged submarines.

To obtain a rapid survey technique, advantage has been taken of the well-known propell-
sity of compacted monolayers to preferentially damp the smaller, steeper components of
the wave structure of the sea. The optical effects of such damping are evident to even the
most casual observer of the sea surface, even thoug. tihe film which causes the damping
may be confined to a surface layer less than 1/100th of the wavelength of visible light and
thus be completely invisible In itself. These optical effects are recorded by photo6-raphing
the glitter pattern resulting from reflections of the sun by the ocean waves.

In order to eliminate the variables of casual observation and to emphasize the differ-
ences between slick and clean areas, it has been necessary u, examine the nature of the
changes caused by slicks and their relation to the photographic process. This report
points out some of the elementary optical considerations involved, relates the photographic
image to the structure of the sea, and illustrates some results. The discussion is centered
on the relatively simple case of light from a discrete source-the sui,-eve'n though slicks
sometimes show up more clearly in photographb taken with extended but variegatt-d light
sources such as a cludy sky (Fig. 1).

While the ideas contained in this report are derivec: .rom the work of many aothors,
specific contributions are not generally noted. A bibliography is appended whihh r,-cog-
nizes the author's source material and to which the reader is referred tor more detailed
treatment.

OPTI2AL PRINCIPLES-WAVE SLOPE EFFECTS

When parallel beams of light from an infinitely distant point light source at v reflected
from a plane surface, the angles of incidence i. and reflection r, of each beam !ire equal.
Thus, in the situation sketched in Fig. 2 (a), only one of the indicated beams will pass
through the camera lens, and a single image results. The line normal to the reflecting
surface at the point of reflection is the bisector of angle SRC. Where this bisector is
vertical, the angle of tilt - of the reflecting surfac" is defined as zero. If the plane of
Fig. 2 (a) is replaced with an undulating surfa(e wl ich remains nornial to the plane of
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SRC, several reflected beams can pass thtrough the lens. These will fall on the line defined
by the intersection of the plane SRC and the focal plane of the camera (Fig. 2 (b)). The
direction of the ray which forms any image with respect to the d&rection of the ray from a
reflecting surface of zero tilt defines the angle ,,, and the tilt of the reflecting facet from
which any image occurred is i = a/2.

If the undulating surface is not always normal to the plane SRC, reflections can enter
the lens along a path such as S' R' C (Fig. 3). In this case, the tilt of the facet front which
the reflection occurred is the vector sum of the two angles , and ., which are scalarlv
related as follows:

co % , ca r~, c0%;

whereT. - 1/2 and ,y V/2. As a consequence of this relationship, the locus of the
instantaneous position of all possible reflecting facets for which ! is single valued forms
a closed figure. In the simple case where the camera and light source lie on a common
axis perpendicular to the median plane of the surface, the loci for various values of • are
circles concentric with the optical axis (Fig. 4 (a)). The path oi all beams reflected from
facets with the same value of , therefore lie on the surface of a cone with its apex at the
lens. At the surface, the radius r of the locus for a tilt value is given by t ',, 2
where h is the camera elevation.

Fig. 3 - Path of light rays refl'c•ed ,\ A

from. tidulating 8kirfac,' not every-/
where normal to plane" SRC . d

t,,r Y

'V

The effect of separating the lens and light souLrce from a common axis c(an I* visual-
ized as a rotation of the apex of the, reflected twe of beamis aixnut an aaxis in 'lhe inedian
plane of the surface and normal to th., plane, S1 IC1 (Fig. 4 (b)). At the reflecting surface,
the locus of facets of sinhgl,-valu.d tilt becuones ellipilcal. 1W, making the angle of the
optical axis of the camera the sante as the angle of the ray reflected front the median plane
o, zero tilt, reflections from tacets of a single value of - continue to tall in circles on the
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Fig. 4 - Locus of paths of light rays reflected from facets having the same tilt
angle 7 for (a) camera axis and infinitely distant point light source both on line
normal to median plane of surface, and (b) camera axis and light eourc, at
various positionb not on the normal line (vertical)

film plane, though the projection of the surface on the film plane is foreshortened. It the
camera angle is not held at this angle, the film-plane locus also becomes distorted into an
ellipse. If the curvature of the earth's surface is taken into consideratiUn, cunmputAtiUn of
the film-plane loci for various tilt angles becomes even more tedious.

As a practical matter, the result of this elliptical syrnmetry is that sun-glitter photo-
graphs taken with a framing camera contain reflections from facets of many varying angles.
Since the distribution of facets and, to some extent, the radius of curvature vary with
respect to facet angle, the resulting pictures may show density anomalies which mAxe
interpretation difficult. For example, a long narrow slick running across the center of a
reflection ellipse will usually show up as darker than the background at the edges, lighter
than the background In the center, and of the same average density in an intermediate
transition region. The reasons for this will be discussed later.

To eliminate such density anomalies, it is desirable to make the photr%,aphic presp;;-
tation homogeneous in terms of facet angle. One method of approaching this goal is to
limit the field of view of the camera so only a narrow range of facet Angles can reflect
light to the film. While this results in a loss of area coverAge, this can be compensated by
taking the pictures from a higher altitude. A second metLd, which also eliminates the
foreshortening associated with nonvertical framing cameras, is tu use a conventional
aerial moving-film strip camera (Fig. 5). Such camr.ras are flown over the target area on
a straight line at constant elevation from the median plane. The viewing angle is fixed with
respect to the vertical. The images of individual points on the target move pait a con-
stantly open slit, behind which the film travels at a rate matched to the rate ut image
movement. Since the viewing angle remains constant, all reflections recorded along .lny
line parallel to the line of flight come from facets having a single-valued tilt. However,
this is not the case along the film coordinate normal to the line of flight, where the same
considerations noted ear'ier for the fravming camera apply.

CONFIDENTIAL
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Fig. 6 - Ads for estimating the facet ang~le from which image@ wei recorded across
the width of film in strip camera: (&) for viewing angle and solar elevation angle both
900. alit field of view is line AA'; ( b) variations of geograp~hic limits of field dv ,,ow
a .a function of ca ,e ra tilt .nl. (the -m&%mu geographic limits for 0: camera

ed are the lines BB and B'B )'; (c) superptosition of (a) and (b) so that facet angflesacross fieId of view can be estimated for "oar elevation of 90 4 and various cmeratilt 6 - es (for example. at a camera tit angle of 40w. facet angles across the widthof film ran in from 20 c to Zm)e and (d) position of v ridn (a) and (b) for solar elevation e

of 600
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is shown in Fig. 6 (d) for a solar elevation of 60 degrees. The facet distribution is then
found on the line parallel to AA' (drawn from BB to B' B') corresponding to the appropriate
camera tilt angle. Corrections for deviations between the line of flight and the azimuth
angle of the sun can also be made by rotating the overlay about the midpoint of AA'to
correspond to the angular deviation.

From these constructions, i( is apparent that the range of facet angles across the width
of the film can be minimized by working at facet angles as far removed from zero as the
sea conditions permit, and by using narrow viewing angles. In principle, the presentation
could be made completely uniform through the use of slits curved to match the film plane
locus of reflections from facets of single valued tilt.

IMAGE FORMATION

Framing Camera

Thus far the discussion has assumed a point source of light and, therefore, point images
on the film. In sun-glitter photography, each image recorded on the film is a reflected
image of a distant, extended light source, and so is of finite size. The size of such images,
reflected from a plane surface, is determined by the angular aspect of the source and the
focal length of the lens (Fig. 7 (a)). Since realizable changes in camera elevation are
small compared with the distance to the sun, image size is independent of the camera
altitude.

When the reflection occurs from a surface with spherical curvature, the area from
which reflections can reach the lens is limited to a segment of the sphere, the dimensions
of which depend on the radius of curvature of the reflecting surface (Fig. 7 (b)). At the
film plane this area is further reduced by the photographic scale. Because the aspelt
angle . of the sun is only 32 minutes, a facet with a radius of curvature of one inch
reflects from an area about 0.002 inch in radius. At photographic Acales of feasible values
for survey purposes, such images will be less than tho erain size of the emulsion. Some
photographic factors, such as lens aberrations, ciumping of grains in the emulsion, and
movement of either camera or reflecting surface, contribute to the detectability of small
reflections. But purely on a basis of image size, it can be expected that many reflecitons
will be submerged in the grain structure.

An even more relevant consideration is the intensity of the reflected light. The inten-
sity falls off rapidly as the radius of curvature of the reflecting facets decreases. Thus
reflections from the smallest facets tend to be lost first on an intensity basis. This situ-
ation is further aggravated by the flat foot of the exposure-density curves for typical
emulsion materials.

Movement of the reflecting facet during the period of exposure also may adversely
affect t',e recording of reflections from facets with short rý.dius of curvature since the
effective exposure is reduced by a factor which depends on the ratic, oi image length to its
velocity. In the framing camera, the image velocity across the fi' is roughly the rate of
movement of the reflecting facet at the water surface divided tr, che photographic scale.
The rate of movement of the facet is approximately, though not exactly, equal to the rate
of movement of the wave itself. Since the propagation velocity of water wavftb increases
f!or wavelengths both larger and smaller than a certain minimum, the smallest facets will
be associated with the most unfavorable length/v;elocity ratios.

CONIFIDENTIAL
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c1 
, i

Fig. 7 - Image of finite source re-

flected from (a) plane surface and is)
(b) cylindrical or spherical sur-
face. rhe angular aspect of the

- Sou rce. a, I* is size of image at 2TI
surface, ,n is recorded image 2

size, which is equal to It multi- "1 Z
plied by the photographic scale.S.,...AT

(b)

Strip Camera

As a consequence of both the changing viewpoint of the strip camera with time and the
finite width of the slit at the focal plane, reflected images of distant sources are lines
rather than points. From a plane surface of zero tilt, the image is an indefirlitely long line.
From undulating surfaces, images are formed by reflections from all points where the tilt
7 lies within the limits7a I (n. '4). ,,is the slope at which the camera is aimed, and t,

is the overall acceptance angle, which ts the sum of the angular aspect of the source • and
the acceptance angle of the camera .,. The angle ,, is cmt -1( f ), where % is the slit
width measured in the direction of camera motion and f is the focal length of #'k iens.
This can also be computed directly from the relation

where t is the exposure time in seconds, v is the camera velocity in knots, 1i is the attitude
in feet, i is the depression angle, and k is 1.6889.

The acceptance angle concept is useful in visualizing the nature of the glitter image
from a water surface. Figure 8 (a) represents the linear elevation ,,,,,e of a water wave.
The slope of this wave is represented by its first derivative, as shown in Fig. 8 (b). The
location of reflected images on the elevation profile can therefore be determined by the
Intersections of the slope curve with the band ,,( 4) representing the range of tilt
angles which can reflect the source to the cAmera. Where the derivative curve crosses

CONFIDENTIAL
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Fig. 8 - Elevation profile and slope profile of
sinusoidal waver wave. TI'le viewing angle of
camera, plus and minus one-quarter the over-
all acceptance angle a., is shown. Reflections
are recorded on strip camera from all points
on the slope curve which fall within the ac-
ceptance angle band. The vertical projections
1o the elevation profile indicate the areas
from which reflections are recorded from the
actual wave.

both linitts ot this band, two reflections per wave will result; where it crosses only once,
only one reflection per wave is recorded. The displacement of the acceptance band from
the centerline is equivalent to departure of the camera viewing angle from the elevttion
angle of the source.

Since the camera is moving, the effects of facet movement on the length of the recorded
image are dependent on the direction of facet motion relative to the camera motion. Waves
moving with the camera cause elongation of the images, while waves moving against the
camera cause compression of the images. The resulting image size I can be estimasted
from

I I ,, (v (V •Vt v,

where I . would be the image size in the abt.,ince of motion, v, is the camera velocity, and
Vt is the wave velocity. This relationship holds only for velocity comnpor'd.• in the direc-
tion of flight and also ignores image movement resulting from change in wave shape with
movement.

RELEVANT FEATURES OF THE SEA SURFACE

In the fully developed sea, the distribution of wave energy as a function of wavelength,
integrated over a sufficiently long period of time to ensure statistical validity, represents
a continuum which can be uniquely described as a spectral dise..: "on. Such curves are
subject to wide variations, particularly where the seas are not fully developed or are decaying,
but the concept has the philosophical advantage of permitting the elevation profile of the sea
to be considered as a Fourier summation which can he resolved into its various sinusoidal
components. This concept is a gross cversimplification in the case of short-exposure-time

CONFIDENTIAL
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photographs where the sampled i.d.rmation does not represent a significant sample, but
it does provide a starting point for discussion.

A typical energy spectrum is shown in Fig. 9 (a). The energy peak lies at a wave-
length on the order of tens of feet, As drawn, the energy contribution of wavelengths or
the order of a few inches appioaches zero, but since the photographic process is sensitive
only to instantaneous slope, the distribution of reflecting facets is different from the
energy spectrum. If it is considered, for example, that all wavelengths of values less than
n are contained in a square with an area of n 2 in phases normal to the x and y coordinates
and that one reflection is associated with each wave cycle, the number of reflections for
any wavelength x would be (n/.) 2 . The distribution shown in Fig. 9 (b) would result. This
distribution is not valid at any given moment of time over a finite space because of the
random distribution of waveforms and because of physical limitations which make certain
combinations mutually exclusive. Nevertheless, the general form of this distribution curve
is qualitatively consistent with the results of direct observation, except for a falling off in
the number of reflections at short wavelengths, as indicated by the dashed line. This fall-
off is partly due to the distribution characteristics of very small "dimples" in relation to
the larger waves, but an even more significant factor is the short radius of curvature
associated with the smallest waves.

t, .. -/

((b)

Fig. 9 - (a) Spectral distribution of energy in
fully developed iea (after Pierson, see Bibli-
ography). (b) Spectral distribution of re.
flecting facets for hypothetical case of long-
crested waves :n two pnascs at right angle--
to each other. Dotted line suggests drop
observed experimentally because of discrim-
ination against smallest facets.

As mentioned earlier, a number of photographic and phyrical fActors colmlille to
discriminate against the recording of reflections from very small wavvb, and photographs
have been obtained which suggest that the smallest facets may be lost even at photographic
scales of 5 to 1. As the photographic scale increases, the resolution and sensitivity beth
decline, and the peak in the recorded distribution curve moves to progressively longer
wavelengths.

The damping effect of surface films is asso..iated primarily with the smaller waves and
results In two principal optical effects: (a) the components of the average, maximum. wave

CONFIDENTIAL
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facet tilt associated with the smaller waves are reduced, and (b) the average radius of
curvature Is increased. The photographic detection of slicks, therefore, is contingent on
the detection of these effects. In casee where-the energy spectrum of the water surface
is confined to wavelengths which are effectively damped by surface films, the average
maximum tilt of the surface is sufficiently reduced so that proper choice of the viewing
angle will completely eliminate images from within the slick area. In this case the slick
can be detected with a signal-to-noise ratio which is nearly infinite. Where longer wave-
lengths that are not damped by the films are present, complete discrimination is possible
only under those conditions where the loss of boundary resolutl.)n destroys the usefulness
of the method.

To illustrate these effects, a series o1 three-component wtLve cnalogs is shown in
Fig. 10. The curves were generated by combining three sine-wave inputs (ranging in
relative amplitude from 0 to 1) to an oscitioscope (column A or B). The three input wave-
lengths were chosen to represent waves which are attenuated ty factors of 1.0, 0.5, and 0.1
by a surface film, and such damping was air ulated electrically. The undamped elevation
profiles are shown in column C and the slope profiles in column E. The slope profiles
were obtained by feeding the combined inputs through a simple RC diffitrentiating circuit.
The corresponding damped curves are shown in columns D and F. The spectral distribu-
tion of the original input amplitudes is shown in columns A and B, and the signal-to-noise
ratios for four viewing angles is shown in column G. The ratios in column G are based
purely on the number of images falling within the arbitrary acceptance angle bands repre-

-.,ting approximately one-quarter of the maximum tilt angles encountered in Item I of the
figure. These accep.ance angles are much larger than would ordinarily be used, but the
results are qualitatively in line with experimental observations.

The signal-to-noise ratios will vary slightly with the phasing of the wave's components.
The general trend indicates that the signal-ti-noise ratio improves as the viewing angle is
moved away from zero, and the ratio then becomes infinite in all cases. However this is
accompanied by a marked decrease in the number of reflections outside the slick area and
a concentration of these images at the crest of the major components. Thus, the cost of
improved ratios is the loss of background infory,,ation against which the slick area may be
compared.

In the light of the observed wind-related variations in the distribution patterns of
surface slicks, this loss of background information becomes a factor of major importance.
At low wind velocities, where the sea utate is usually small, organic films tend to accumu-
late in areas having dimensions of hundreds to thousands of feet. As the wind velocity
increases, these films tend to distribute in long wind-oriented streaks having dimensions
on the order of tens to hundreds of feet. At higher wind veloc.tics, where longer wave-
lengths can reasonably be expected, slicks usually stretch out in long, v,. iarrow stripes
which may be a few inches to a few feet in width. In this third state, the lo.,ber water waves
often have dimensions which are large compared to the slick width; so the likelihood of
detection decreases rapidly as the viewing angle ih moved away from zero, with the result-
ing loss of background information density.

The int~ensity of individual facets has already been shown to be some function of the
radius of curvature and, since an increase in the median radius of curvature is a neces-
sary consequence of wave damping, those facets which reflect fromm within the slick area
will, on the average, yield more intense images than those cutaitn .* slick area (Fig. 11),
The consequence of this in terms of area-inttgrated density was suggested earlier. Under
low sea state conditions, the slick area viewed at a facet tilt angle Y of zero degrees is
invariably brighter than the background. As the viewing angle Is moved away from sero
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Fig. 11 -Relative plcL of average brightness
from damped and undamped sea as a function
of wave slope

diegrees, the number of these more gently curved facets which reflect light into the camera
decreases. Over some range of viewing angles, the increase in intensity from the in-
creased radius of curvature of individual facets in counterbalanced by the decrease in
number, and the area- integrated intensity of light reflected from the slick is not significantly
different from that reflected from the background. Beyond this critical zone, the number
of long-ra•ua facets which reflect into the camera falls toward zero, and the slick appears
dark in contrast to the background.

When the characteristic slick dimensions have become small compared to the dimen-
air-no of major wave conponents, the probability of distinguishing slick areas on the basis
of average slope becomes very small unless long exposure times can be used to integrate
the Information over a period at least equal to that of the longest wave components. AI
possibility remainF, however, of using the average radius of curvature as an indicating
parameter. Such a procedure would, in principle, require an area-by-area comparison of
the intensity distribution of resolved facets and thw rh;..icthng of the information to form a
contrast -gradient map of the surface. Such a readout process requires a sophisticated data
reduction system, but an approximation to this can be achievdJ by purely photographic
processes which eliminate all images below dn arhitrary intensity level. Some limited

success has been obtained with this technique, which will be discuss,,d later in the report.

EQUIPMENT AND TECHNIQUES

All water-surface photographfs were ack•ren with ether a hand-held 35-tial still camera,

a 35-ram Mittchel motion picture camera, or a CAS-2 4erial moving-film strip camera.

Framed motion pictures were taken with two Mitchel cameras mounted side by side in
the transparent nose cone of a P2V-5caurcradt. The cameras were mo.nt.d on *top hot*
mounts which permitted adjustment to any desired angle in relation to the solar elevation.
The camera optrcal axes were parallel to the ltne of flight, wdtich war in the birection of the
aoimuth angle of the sun. The mountings were not independently stabtlczed, so the field of
view was subjet to roll, pitch, and yaw of the Av rcrafts

p mter.p camera pictures were taken with the CAS-2 camera, This was mounted on an
A28A gyrostabldsied mbiunt supported over a window cut into the tunnel hatch of i P2V air-
craft -Fig. 12) or the radar hatch of an 82Y aircraft. The stabilized mount provided both
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Fig. It - CAS-2 strip camera on A28A
gyrostabilized mount on tumel hatch of
PZV-5 aircraft

automatic compensation for aircraft roll and pitch and manual correction for drift. The

limits of roll and pitch compensation are t8 degreer, and the response characteristics were

adequate when the aircraft was flown skillfully in &it ot low turbulence.

Modifications to the CAS-2 camera included a special single lens cone assembly which
provided for (a) a pivot point for continuous adjustment of the viewing angle of the camera,
(b) removal of the divider in the center of the slit assembly, (c) disablement of the auto-
matic footage printing light, and (d) electrical provision for stepless adjustment oi the

depression angle compensation in the film-speed-control circuit.

A 240-mm Schneider Componon lens was used on the strip camera to gi-' a transverse
field of view of 53 degrees. In order to minimize the contribution of reflected skylight and
light reflected from particulate matter or bubbles beneath the water surface, a dark-red
F filter was usually used. Under poor light conditions, a somewhat less dense A filter was
used for the same purpose.

All glitter photographs were taken with the aircraft flying in thedirectionoftheamimuth
angle of the sun and on a line which passed as nearly over the target area as possible.
However, piloting difficulties often resulted in errors up to several hundred yards.

Eastman Kodak Plus-X Aerecon film was uied for the strip photographs because of its

wide latitude of exposure. The pictures shown lat.r in this report were usually normal
prints made from the film. Those designated as high contrast were made by a stepwise
process. First, a high-contrast print wee made of the original negative. This was then

CONFIDENTIAL
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rephotographed, using lithographic line film, and a high-contrast print was made from this.
A second line negative was then prepared, and-the final print was made on high-contrast
paper. The final stages were made with very long exposure times to increase the size of
the individual images by halation.

RESULT"

Framing Camera

Figure 13 shows photographs of a slick created on Chesapeake Bay by continuously
dropping oleic acid from the platform shown at the right end of the slick. Because of the
low sun angles (200 and 30'), the glitter pattern extends to the horizon and the most intense
glitter arises from those areas of multiple reflections outside the primary reflection el-
lipse where reflections are accentuated by the near-grazing incidence.

The characteristic inversion in area-integrated density, which arises from the ellip-
tical symmetry of the reflection pattern, is readily seen in the next to the last frame of
Fig. 13 (b).

The Image in Fig. 14 is at a greater photographic scale than in Fig. 13. This picture
was taken at the same time as those of Fig. 13 (b) but with a longer focal length lens. The
result of restricting the field of view to cover a narrower range of facet angles on the
uniformity of the presentation is obvious. The relation of the reflections which occur with-
in the slick area to the longer, undamped compor.ents of the water-wave structure is ap-
parent in both the spacing and relative size of the reflections from within the slick. Atten-
tion in called to the circular refraction pattern of the waves surrounding the platform-, this
is caused by reflections from the piling structure which supports the platform.

The optical clarity of this particular kind of slick is abnormal because of the mode of
its formation. By continuously supplying a surface-hac,".e material to the water surface,
the normal dissipative losses were compensated and the slick maintained a dimensional
coherence not usually found under the wind conditions (12-29 ",nots) which existed. Several
Aones of lighter and darker areas are also to be seen in Fig. 13; these are presumed to
represent areas of greater and lesser concentrations of naturally distributed slick-forming
materials. The basis for this presumption is that the position of these areas changed only
slowly over a period of several hours. It would not be expected that either cloud shadows
or velocity variations in the wind ctructure would exhibit this stability.

The usual distribution of slick-formini' materials under high wind co":mions is illus-
trated in Fig. 15. The scattered black streaks and pvtrhes represent slicks formed by the
compression of surface-active materials at the "onvergent zones of water circulation pat-
terns. The dimensions are very much smaller than the longer wave components but large
enough in terms of the smallest wave components to give i. eeasonable discr'mination.
This situation i& represented by item 2 of Fig. 10.

Figure 16 indicates the differences between slick and nonslick areas in a vertical flash
picture where the photographic scale permits complete resolution of the individual facets.
Note the increased rise and intensity of facets from the dampod wave's.

Trhe other extreme is indicated in Fig. 17 where the photographic kcale is sufficiently
large to eliminate all details of wave structure. The slicks shown are on the order of two
miles in length and their distribution put'ern suggests that the wind velocity was quite low.
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Fil. 14 - Larger scale photograph of Fig. 15 - Distribution of slick. (thin
same condition shown in Fig. 13 (b) streaks) under high-wind conditions.

Width of picture covers approxi-
mately 20 feet.

(a) (b)

Fig. 16 - Vertical flash photograph of (a) da!.rped aind (h) ondainped watt . in tank.
Camerar elevation 60 inca€t r, sohition 0,24 nmm~ at surface.
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Fig. 17 - Framing camera photograph
of natural slicka and ship wake. Cam-
era elevation 33.000 feet; resolution
capability 4 meters.

The wake of a surface ship in indicated by the arrow. At the head of the a row is a white
streak representing one arm of the Kelvin wave system. The dark streak branching off
from this in the turbulent wake. The inversion in optical density of this turbulent wake
with its position in relation to the center of the distribution pattern clearly indicates that
s decrease in average wave slope is responsihbe for its visibility. The other arm of the
Kelvin wave pattern In only faintly visible.

Strip Camera

Typ'cal strip camera pictures are shown in Firs. 18-21. Figure 18 indicates the
appea..rance of slicks at sea states ranging from zero to four. Figure 19 illusti ates the
effect of viewing angle, Fig. 20 the '.ffect of expurure time, and Fig. 21 the euect of time-
sequence photog,'aphy.

Figure 18 (a) indicates in essentially zero-wind zero-seastate condition in which the
sea surface is almost % plane mirror, the wind velocity being too low to g....rate the cap-
illary waves neces.sary tu tdelintate the slick area. The only reflections recorded in the
photograph (fac-;. angle 2.5 degreen) are from a train of waves from a ship which passed
about a mile from the target area. The images are surrounded by halations and many of
thein show long thin streaks. These streaks are probably reflections from tht -lit edges,
though they may be associated with a secondary wave system on top of the ship's waves.
Under these conditions optical detection of slicks is impossible.

The rest of the sequence in P'ig. 18 sho)ws the appearance of slicks at increr-.Ang wind
velocities. Under the least rigorous conditions in which slicks could bedetected (Fig. 18 (b)),
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(a)

(b)

Fig. 19 - Ri ip- genie rat ,d licks f.ii the' Gialf of Mexi,
at vie.win1 g angle.s of (a) 20 and (b) 2.6'
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Fig. 20 - Strip camera plotographs of glitter at exposure times of (a) I /50 sec and (b)
1/3 sec. In (a) the arrows indicate the wake of a submarine which was t ravcling at a
speed of 5 knoto.

the distribution of the slicks shown was dominated by the turbulence generated by tid.d flow

past the bridge pilings. With a current of about one knot, thebe effects extended to a dis-
tance of at least 2000 yards downstream. As the wir1 picks up, its ek-ntribution to the
distribution of slicks increases and the pattern changes (Fig. 18 (c)). At even higher wind
velocities (Fig. 18 (d)), the wind effects become sufficient to severely limit slick detect-

ability. In Fig. 18 (d) slicks are present but are drawn out into long, thin, scarcely detect-
able ribbons. In the original photograph these are visible. frow, a low viewir'. angle, in a
direction roughly parallel to the wind, as long dark lines across the wave structure. The
presence of these slicks was confirmed at the time the photograph was taken by visual
observatioi;s fron, a small U-oat. The estimated width of individual lines ranged from 2 or
3 inches to about 18 inches.

The effects of extreme changes in viewing angle are illustrated in Fig. 19. In Fig. 19 (a)
the lower slick visible was associated with a zmtip which remained adrift In the water

for about 20 minutes, the upper with a second ship moving at about 5 knots. At a facet
angle of about 2 degrees the slick stands out clearly from the background. At . facet angle
of 26 degrees (Fig. 19 (b))the slick is less disti:nguishable because of the loss of background
information. At the steeper facet angle, the only reflections recovered seem to be associ-
ated with a system of long-crested waves having a wavelength of about 40 feet.
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(b)

Fig. 20 (Cont'd) - Strip camera photographs of glitter at exposure times of (a) 1/50 sec
and (bW 1/3 sec. In (a) the arrows indicate the wate of a submarine which was traveling
at a speed of 5 knots.

The appearance of the images at two exposure times (I/50 and I/3 sec) is shown in
Fig. 20. Smoothing produced by the turbulent wake of a shallow subma-ine is faintly indi-
cated by an increase in facet brightness and a decrease in the number of facets. These
effects are accentuated by the longer exposure time.

Figure 21 represents a time sequence which illustrates the possibilities of the method
for studying the time distribution of slicks.

The ability of high-contrast printing techniques to isolate the larger, brighter facets
fom areas of pronounced wave damping is shown in Figs. 22 and 23. The sequence shown
in Fig. 22 shows the effect of printing a negative showing the track from i ,e-2riscoping
submarine atprogressively higher degrees of contrast. In the origina! print (Fig. 22 (a)),
the submarine trail can be detected only by close scrutiny of the details of the glitter
pattern. With increasing density, the background gradually drops c t, and the reflections
directly associated with the turbulent smoothing cf the water surface begin tc stand out.
With ultrahigh contrast, the arrangement of these becomes sufficiently unique to serve as
an indicator of the track. Fig•ure 23 shows the enhancement of smoothed areas both in the
turbulent wake of a ship and in the smoothing caused by aerodynamic turbulence generated
in the wind blowing across the ship. The sea state at the time was 3.
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Fig. 21 - Strip camera time- sequnt v, photographs showing smoothing in wake of
turning ship. Photographs taken approximateIy five minutes apart and covering
the same area.
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(a)

(b)

((4)

Fig. 22 - Submarine-generated wake of periscoping submarine (at left). (a) Normal
print; (b). (c). and (d) ultrahigh-contrast prints. Width of photograph represents
approximatcly o,'e rmite.
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(a)

(b)

(C)

Fig. 23 - Wake of surface ship at sia state 3. (a) Normal

print, (b) and (c) ultrahigh-coatrast print,. Note hydro-

dynamic smoothing aft from turbulent wak'" ".r smoothing
off starboxad flank from interference of ship with the

wind.
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DESCU881mq

From both theor•ad and oboerv•omd remdtn, !t has been ehovn that the detection
of aUeks b• oun-sltttsr pbotoMePh7 UJ feullde under certain €onclttJone of wind and sea
state. It t,, equa• obvioua that some sea €oalitions made tdJck detection impossible, and
otlmrs make it e•t•me• difficult. Tbe• •/•Uons are oummawllmcl briefly in Ttd•ie 1.

Table 1
Weather lractore AfftctJ• •lck Detection

Wlnd(kso•)Spoed 8at 8•te l•ect•n I• iti• [Most 81Knfflcant,.

SPtram4•ar
< l 0 Impossible

0- 6 and hLshly vlrlahle 0-I UnJrellat31e Mean slope

4-10 and teed7 0-| Ea•allen( Mean elope

10- B0 |-4 Difficult Radius/slope

>JO 4 l•ttremely difficult Radi•us of
or impooslble curvat,,re

The two opUcally Idlinfficlmt parameters which are affe•'•ed by ati.-ka are the mean
aloi• and the redi• of em.vatm• o• the water •rfaee. Where the major ec)mpo•nts o/
•wve elope are aloclat•i with wavu short enough to be damped by. films, the use of mean
81opg u the indicMIn8 parameter is most effective. It ia only in circumstances where
major alopQ €ompo•m m Nmoc/at•l with relatively long wu•. that the radius of curva-
ture must be

Where the slope can be uNd, the field of view should be r•tricted to wave facets of
Ults that lie completely within or, prof(,rably, completely outside of the crosshatched areas
indicated in lelg. 11 to •void the lumbll•dty uoociated with the density :nveraion transition
saM. At present, the •uther knows of no way of anticlpaUng the best viewing angle to meet
t• coml/Uons. While the damp/t• ehrrarteriatles of a specific surface film at a spe-
effl•l film premn•re can be fed into an •nato• or digital representation of • specific wave
system to yield a specffi: answer lo• that system, the difficulty • matching the model to
a specffle ee• reumirm. Variations of the alu•e spectra with the •nstaniane•u• wind coudl-
tlons, prior Idator? of the set, fetch, local currents, •u.• wind duration are relevant, hut
usually unknown, ptran•ers. Current research p.'ogram8 are b,•innlng to shed 1/• on
some of them offncte and, with time, it is expected thai an intelleettmlly ImtisfyinK bes/8
for choice •/viewing angle will ariee. In the meantime, a rough rule of t•;mb is to aim
the camera at • fec•4 a•le r•pMmentin• one-half to two-thirds of the angular spread
be4•sen the eenter of the refle•Uon ellipse and the visual boundary of the reflecUon
ellipse.

Where it ie he.eeL try to use radius of rurvstm e as the eemlltlve pertmetsr, the cam-
era should be aimed to catch reflecUons from face/4 eL n•ar-sero tilt, since the incr•me
in radiue is usually associated with a decrease in tl• mean elope.

CON FIDEI•I'IA L

S• mm m |



28 NAvAL INGSIANCH LA11OU1A10404IINTA

Thus far, a discussion of photographic sWale hta been avoided It pi aliparent that t hr
primary requisite is that the tarn get image must be lar,,'e In coinvpartprli Wi the lirnuit. t-A
resolution. A corollary requirement is that the tatiget irntage be smali en.iugh in relatimon lot
the total ares surveyed so that it can be readily distinguished front Ol-. bACkgrou;nd. In
cases where the slick Axicas are relitiviedy larrv' and slelle can be tcccl a - the distingua.-h-
Ing paramerter, the most favorable conditions vmiuld include very high camewra altitcide!, 11d
long lenses to restrict the field at view to a narrow range of facet eangirs. If the all ik
dimensions are sufficiently large compared tc the lomwest wavelenetthi, present, It" %If.e
could be sufficiently larlm I-) wipe otit the detiAlla of wave- structure, ..nd the rebttc" ll
terns would give a clear, unAMbigUOUR presentation of the slick arrý.a.

Problems in scale arise when the slick areas are small in compiarascu to the wate
structure. In marny cases, observed strekas of slick on the sea surf arr are ,Anlt & feti
inches to perhaps a foot in width. In sorie cases, glitter photographs have l~en ohtairwd
of ship-generated slicks which wete not more than I or 3 feot in wit~h. Since these dmnieu-
sions are small compared to ocean va% ea, the scale must be held to valuies which ter iit
resolution on the order of a few incher. so that enough background flitter in rveul~ted it)
outline the u'lick areas. It ts difficult to estaicish a rational beals for scale1 in this ba'ua-
tion, a&d it is the author's experience that a scale which permits Airresimbuii.. kill hth icrhF
of 2 inches or less seems to give satisfactory results. This deitrer of rev* luta i, edb itt
some confusion because of the details of wave structure which are icwlcedect, tout it tors
yield a negative which can be satisfactorily analyzed by ultrahilgh-cointrast prcintinca Jirt -
eases and, presumably, by more sophisticatedl data analysis systemns.

On the basis of observatiotnal results, exposure tan,, scenb to faill aslt 1-11%.A Ind*

terminate category. Satisfactory results have wtýe oMaticed with times rnavagbacc, !ronl
1 /1000 to approximately I second. Longwer times love i;.ore ittegrated datA, k-4 thit &Ad-
vantage is gained at the expense of resolution an im ,waca~ttxal rrmult. iAA.oiad t- tAct

not justify any dogmratic pronouncement on the question..

SUMMARY

The usae of sun-glitter pholographyv has bern rltAnlt -1. tested. Aod tocuriu itl Iw a hlb~hl%
useful tool for studyinf hydrodlynamic sni ot-hing acid the d %traicIarnac of purfAlt tilmit ... ,

water surfaces, provided that such films are sufficiently con ;.-ted Itc (-&use laa', damp-
ing. The technique is moat successful at sea statea cif 0 to 2 and atia Ineltw itac,. to 4 It,
15 knot.. ft is of no value At windS velocities too-aIc' ttcause rapillailt wative ota the *urtia r
and is of limited value at me& states of 3 and above.

Through lthe use of ultrahigh-coaitrast printing prncwebbce.. it hap twet piuasiltio- to'
extend the usefualness of the method tc include detection oft h% drotwtnArni4ac moolunig , aubrOc
by the Iicrbulent wakes of ships and itubmarine at ties sta tes opit' 4.

RECOMMENDATIONS

In view of the lx-sahiblt relevanot of surfact-Chi-Mit-A~l wncccc c the %4a ito IN

gcneral problem of antisulcmaracce warfare (ASW), it ts rrec'ccncmecicidc that aun-glttter

photog. aphy be usted foir additional ictudita %c ki the fccllowing areas:

1. The effevts of wicnd ciii the fortnAatactc, dist rilcatioaa. and clttc).ipatilln ci4 naturnal sOno
synthetic slicks.

('ON I"DENT IAl.
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2. The effects of water motions occurrizzig naturally, or generated by movingc *Mwh
andJ submarines, on the diettribution of slicks.

3. Direct detection of hydrodynamnic smoothing catused by submerged subeasrinve..

Wnile major improvements in ths method itself are beyond the purview of the (birn.
Iatry Division, several possibilitimh which may deserve consideration are (a) the cvOqimou
of twm television camermat or other line scannrsr at opposite ends of an aircraft, or Wi Iwo

ep karhi airc~raft, to permit use of correlation techniques in the data analysis, (b) O the e
of multiple slilts on a single strip camera to increase the number of images without hies
of resolution, and (c) the use of long-lens cameras mounted i.. high-altitude aircraft, Wa-
leans, or saftellites to restrict the field of view to a 11w. Ad range of facet angiea without
lovs of area coverage.

Ihe ultivatke usefulness of this technique in ASW wfill probablyv be cuoitingent on tht
&-l- r- of Rreater undat standing of the oceanographic and meteorologic phenomena
which costtrtIse to the optical appeariuw,- ; the sea, the interaction of these phenomena
w~b ftmeirlvac-generai water movements, and the application of this iilorniation to
swr mophsisicated scanniwag and readout sybtems. The use of sun-glitter phototiraphtv as
an aupeimstal toutlfor the study of such phenomena ia recommnenited.
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